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Abstract

Background: Left ventricular stroke work index (LVSWI) and cardiac power 

index (CPI) account for the haemodynamic load of the left ventricle and are 

promising prognostic values in cardiogenic shock. However, accurately and 

non-invasively measuring these parameters during veno-arterial extracorporeal 

membrane oxygenation (V-A ECMO) is challenging and potentially biased by the 

extracorporeal circulation. This study aimed to investigate, in an ovine model 

of cardiogenic shock, whether Pressure-Strain Product (PSP), a novel speckle-

tracking echocardiography parameter, (1) can correlate with pressure-volume 
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1  |   INTRODUCTION

In-hospital mortality of cardiogenic shock patients with 
support of veno-arterial extracorporeal membrane oxy-
genation (V-A ECMO) is high ranging from 50% to 70%.1 
A significant factor contributing to this mortality is the 
challenge of successfully weaning from V-A ECMO. In-
hospital mortality rates after device withdrawal, indeed, 
can be as high as 46%,2,3 with the primary cause of death 
being the recurrence of heart failure (30.9%).2 One possi-
ble explanation is an inability to accurately predict cardiac 
recovery while patients are still supported by V-A ECMO. 
V-A ECMO alters left ventricular (LV) preload and after-
load, compromising the prognostic value and reliability 
of traditional cardiac parameters such as LV ejection frac-
tion (EF)4,5 and LV outflow tract velocity-time integral.6 
Currently, although some echocardiographic parameters 
have been suggested as predictors of successful weaning,7 
no standardized weaning protocols with specific cardiac 
parameters have been established.

Left ventricular stroke work index (LVSWI) and car-
diac power index (CPI) have demonstrated superior 
prognostic values in cardiogenic shock compared to con-
ventional LV systolic parameters such as EF.8,9 This could 
be because LVSWI and CPI account for LV loading condi-
tions, and thus potentially reflect comprehensive cardiac 

performance considering the interaction among LV con-
traction, LV preload and LV afterload, being less affected 
by LV loading modifications. However, accurately and 
non-invasively measuring these values during V-A ECMO 
is challenging and potentially biased by the extracorporeal 
circulation.10,11

We propose a novel Speckle-Tracking echocardiog-
raphy parameter called Pressure-Strain Product (PSP), a 
product of mean arterial pressure (MAP) and global cir-
cumferential strain, GCS (PSPcirc) or global radial strain, 
GRS (PSPrad). Our previous study showed that PSP can 
be a surrogate of pulmonary artery catheter-based LVSWI 
in an ovine model of septic cardiomyopathy.12 This study 
aims to investigate if PSP can correlate with pressure-
volume catheter-based LVSWI and CPI in an ovine model 
of cardiogenic shock supported with V-A ECMO. The 
load-independency of PSP when changing the V-A ECMO 
flow rate was also assessed.

2  |   METHODS

2.1  |  Study design

This study was conducted as a secondary analysis of 
‘Improving Cardiogenic Shock Outcome with Novel 

catheter-based LVSWI and CPI, and (2) can be load-independent during the flow 

modification of V-A ECMO.

Methods: Nine Dorset-cross ewes (51 ± 4 kg) were included. After cardiogenic 

shock was induced, full support V-A ECMO (X L/min based on 60 mL/kg/min) 

commenced. At seven time points during 24-h observation, echocardiographic 

parameters as well as pressure-volume catheter-based LVSWI and CPI were si-

multaneously measured with X and following X-1 L/min of ECMO flow. PSP was 

calculated by multiplying global circumferential strain or global radial strain, and 

mean arterial pressure, for PSPcirc or PSPrad, respectively.

Results: PSPcirc showed a stronger correlation with LVSWI (correlation co-

efficient, CC = .360, p < .001) and CPI (CC = .283, p < .001) than other echo-

cardiographic parameters. The predictability of PSPcirc for pressure-volume 

catheter-based LVSWI (AUC .82) and CPI (AUC  .80) was also higher than other 

echocardiographic parameters. No statistically significant differences were iden-

tified between the two ECMO flow variations in PSPcirc (p = .558).

Conclusions: A novel echocardiographic parameter, PSP, may non-invasively 

predict pressure-volume catheter-based LVSWI and CPI in a load-independent 

manner in a cardiogenic shock supported by V-A ECMO.

K E Y W O R D S

cardiac power index, cardiogenic shock, left ventricular stroke work index, speckle-tracking 
echocardiography
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Synchronized Cardiac Support (IN-SYNC study)’. This 
study included 9 out of 16 sheep used in IN-SYNC study. 
Other seven sheep were excluded as some values of the 
pressure-volume catheter were not appropriately obtained.

The animal experiments were conducted at the 
Queensland University of Technology (QUT) Medical 
Engineering Research Facility (MERF) in Brisbane, 
Australia. Animal ethics was approved by the QUT Office 
of Research Ethics and Integrity (Number: 2000000232) 
and ratified by the University of Queensland (Number: 
2022/AE000076). Animal care was provided in accordance 
with the Australian Code of Practice for the Care and Use 
of Animals for Scientific Purposes and the Animal Care 
and Protection Act 2001 (QLD).

Analyses conducted for this study were based on PSP 
as a predictive measure. The primary analysis considered 
the correlation between PSP and the pressure-volume 
catheter-based parameters LVSWI and CPI. Secondary 
analyses considered the predictability of PSP as a func-
tion of LVSWI and CPI, and the extent of load indepen-
dence of PSP between high vs low V-A ECMO flow.

2.2  |  Animal model of car diogenic shock 
followed by V- A ECMO support

Nine female, non-pregnant Merino-Dorset crossbreed 
ewes, aged 1–3 years were used in this study. Since car-
diogenic shock model induced by coronary artery oc-
clusion has around 50% mortality,13 our study applied 
intramyocardial ethanol injections for the induction of 
cardiogenic shock as previously reported,14 where the 
mortality rate was at 0% (zero out of six sheep). The de-
tailed methodology of the animal model is described in 
the Appendix—Data�S1. Briefly, animals were sedated 
with midazolam, fentanyl and ketamine through a four-
lumen central venous line (Arrow Int., Reading, USA) 
inserted into the left jugular vein, and were mechani-
cally ventilated (G5, Hamilton Medical, Switzerland) via 
a cuffed 9.0 mm endotracheal tube (Mallinckrodt, USA). 
Haemodynamics were monitored by electrocardiogram, a 
5 Fr invasive femoral artery pressure line (Cook Medical, 
USA) and a pulmonary artery catheter (7.5 Fr, Swan-Ganz 
CCOmbo, Edwards Life Sciences, Irvine, USA). A left 
mini- thoracotomy was performed by experienced sur-
geons. V-A ECMO (i-cor®, Xenios AG, Germany) was then 
introduced by placing a venous cannula (21 Fr, Maquet, 
Germany) into the right jugular vein, and an arterial can-
nula (15 Fr, Xenios AG, Germany) into the left femoral ar-
tery. Following 1 h of rest, cardiogenic shock was induced 
through approximately 1 mL/kg direct intramyocardial 
injections of 96% ethanol. Multiple injections were carried 
out mainly into the mid- to epicardial layer of the anterior, 

inferior and lateral LV free wall, which can be a different 
model deriving from the coronary occlusion. By modify-
ing the clinical criteria15 for the ovine model, cardiogenic 
shock was defined when all of the following four criteria 
were met; (1) systolic blood pressure <90 mmHg for more 
than 10 min, (2) serum lactate >3.0 mmol/L, (3) echocar-
diographic EF <25% and (4) urine output <5 mL/kg/h. 
Thereafter, animals were monitored for 24 h while haemo-
dynamic and respiratory parameters, blood samples and 
arterial blood gases were measured (Figure�S1). Animals 
were placed in the supine position throughout the study. 
In terms of V-A ECMO management, the flow rate was set 
at 60 mL/kg/min. When needed, inotropic and vasoactive 
agents such as noradrenaline (.025–.2 mcg/kg/min IV), 
dopamine (1–10 mcg/kg/min), vasopressin (.6–2 units/h 
IV) or adrenaline (.1–1.5 mcg/kg/min IV) were adminis-
tered as to maintain the MAP over 60 mmHg. When com-
paring cardiac parameters between the two different V-A 
ECMO flow rates, the full support of X L/min based on the 
60 mL/kg/min and X- 1 L/min were applied.

2.3  |  Echocardiography

Epicardial echocardiography was performed by using a 
Venue Go ultrasound machine (GE Vingmed Ultrasound, 
Horten, Norway) with a 3Sc echo probe at Tecmo, T0, 
T3, T6, T12, T18 and T24 (Figure�S1), accompanied by 
pressure-volume catheter assessment. A conventional 
echocardiographic parameter, LVEF using the biplane 
method was measured. Of note, due to the technical limi-
tation under mini-thoracotomy, we could not acquire 
the clinically relevant apical 2- and 4-chamber views. 
Therefore, we obtained these views from the anterior and 
lateral positions of the LV wall respectively. Considering 
that long-axis views are bound to erroneous due to the 
foreshortened views, not LV longitudinal but short-axis 
views at base, mid-papillary, and apex levels were ap-
plied for the Speckle-Tracking echocardiography analy-
sis. All images were transferred to a separate workstation 
and analysed offline by an experienced cardiologist using 
the TomTec-Arena analysis platform (TomTec imag-
ing Systems GMBH, Unterschleim, Germany). Speckle-
Tracking echocardiography parameters including global 
circumferential strain (GCS) and global radial strain 
(GRS) were calculated as the mean value of three differ-
ent cross sections (at base, mid-papillary, and apex levels). 
Automated measurement was applied to appropriate echo 
loops in the parasternal short-axis view. Speckle tracking 
was visually assessed for tracking accuracy, and the end-
diastolic and end-systolic timing markers were manually 
adjusted if required. A frame rate of 43/s was applied for 
strain assessment.

 
 



4 of 11  |      SATO �����.

2.4  |  PSP measurement

PSP uses a similar concept of myocardial work, which can 
be explained in the framework of LV pressure as the y-axis 
and strain as the x-axis.16 Schematic images of myocardial 
work and PSP are illustrated in Figure�1. PSP was calcu-
lated by the following formulas: MAP multiplied by GCS 
(absolute value) for PSPcirc, or MAP multiplied by GRS 
for PSPrad. An example of echocardiographic image and 
details about PSP calculation is described in Figure�2.

2.5  |  Pressure-volume 
catheter assessment

Cardiac function was assessed with a pressure-volume 
conductance catheter (VENTRI-CATH-510, 5F, Millar, 
Texas, USA) which was inserted percutaneously into 
the left ventricle through the right carotid artery and the 
aortic valve using fluoroscopic guidance. Saline calibra-
tion was achieved through two intravenous 10 mL bolus 
injections of 15% NaCl and the reference stroke volume 
was measured by pulmonary artery catheter before com-
mencing V-A ECMO. Pressure-volume catheter meas-
urements were obtained in parallel to echocardiographic 
assessments at two different ECMO flow rates (i.e. at base-
line support of X L/min and at X-1 L/min). Regarding the 
pressure-volume catheter data, Labchart�8 software (AD 
Instruments, New Zealand) was used for the calculation. 
Briefly, Cardiac index (CI) and CPI were measured by 
using the formula [(SV × HR)/body mass area] (in L/min-
m2) and CI × MAP × .0451 (in %), respectively. LVSW, the 
area enclosed by the pressure-volume loop, was calculated 
using Green's theorem and formula:

where a and b are the start and end positions of the loop 
respectively. The loop is ‘closed’ by setting vi+1 and pi+1 to va 
and pa when i = b.

2.6  |  Biomarkers (serum lactate and 
cardiac troponin)

To evaluate tissue metabolism and cardiac injury, blood 
samples for the measurement of serum lactate and high-
sensitivity cardiac troponin I were performed in parallel 
with echocardiography and pressure-volume catheter as-
sessments. Arterial blood samples were taken at 30 min 
post ECMO cannulation, cardiogenic shock and 3, 6, 12, 18 
and 24 h after cardiogenic shock. Blood samples were col-
lected into S-Monovette tubes containing EDTA (Sarstedt 
AG & Co. KG, Germany) and samples were centrifuged 
twice (3000 g, 15 min, 4°C) to obtain platelet-poor plasma 
and subsequently stored at �80°C until further analysis. 
High-sensitivity cardiac troponin I (Cat# CTNI-9-HSP, 
Life Diagnostics) was measured using the stored plasma 
samples through commercially available kits as per previ-
ous reports.14,17

2.7  |  Statistical analysis

The normality of continuous data was assessed by the 
Shapiro–Wilk test and parameters were reported as 
mean ± standard deviation for normally distributed 
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� �

F I G U R E  �   Schematic images of Myocardial Work and PSP. The y-axis shows LV pressure, and the x-axis shows LV strain. (A) Describes 
Myocardial Work, the area surrounded by Pressure-Strain loop (highlighted blue) calculated by the specific software based on the timing of 
valvular events. (B) Describes PSP, the area calculated by multiplying MAP and end-systolic strain (highlighted green). AVC, aortic valve 
closure; AVO, aortic valve opening; MAP, mean arterial pressure; MVC, mitral valve closure; MVO, mitral valve opening; PSP, pressure-
strain product.
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parameters or median and interquartile range (IQR) for 
not-normally distributed parameters. The sample size 
was followed based on the primary study, IN-SYNC study.

Our primary analysis evaluated the correlation of 
proposed novel Speckle-Tracking echocardiography 
parameters (i.e. PSPcirc and PSPrad) with pressure-
volume catheter-based parameters (i.e. LVSWI and CPI). 
Considering the repetitive measurement in one animal 
with several time points, correlation analysis was con-
ducted by using an analysis of covariance in Figures�3 
and 4 based on the report previously published.18 In this 
method, the correlation coefficient was calculated by the 
formula:

where A is a sum of squares for the target parameters (e.g. 
PSPcirc and PSPrad), and B is a residual sum of squares.

As part of a secondary analysis, receiver operating 
characteristic (ROC) curve analysis was performed to 
investigate if echocardiographic parameters can dis-
tinguish animals with high or low levels of pressure-
volume catheter-based parameters, namely LVSWI and 
CPI. All datasets (n =  126: 9 animals × 7 time points × 2 
different ECMO flows) were included in this ROC anal-
ysis. Dependent variables were LVSWI and CPI, which 

were divided into binary groups by respective median 
values (i.e. arbitrary cut-off point). Independent vari-
ables were PSPcirc, PSPrad, LVEF, GCS and GRS. The 
area under the curve (AUC), sensitivity and specificity 
were reported.

The load-independence of PSP during modification of 
V-A ECMO flows between X L/min (based on 60 mL/kg/
min) and X-1 L/min was also performed. For this purpose, 
a generalized mixed linear model was applied to compare 
the cardiac parameters between high (X L/min) and low 
(X-1 L/min) V -A ECMO flow rates at seven different time 
points in the same animals. In the case of non-normality 
of model residuals, the gamma regression model was 
applied. To separately investigate the load sensitivity of 
LVSWI before and after cardiogenic shock, a single com-
parison of LVSWI at Tecmo between X L/min and X-1 L/
min of V-A ECMO support was analysed using Wilcoxon's 
signed rank test.

The correlation between echocardiographic parameters 
and serum lactate was assessed using an analysis of cova-
riance, which was the same method applied in the correla-
tion analysis between echocardiographic parameters and 
LVSWI/CPI above. Inter-observer variability for the echo-
cardiographic parameters was analysed by two experienced 
readers (KS and NO) using randomly selected eight cases. 
Intra-observer variability for the same parameters using 

�
� � � � � � �

F I G U R E  �   An example of an image for the measurement of PSPcirc and PSPrad. (A) Describes LV short axis view at a mid-papillary 
level showing the myocardial layer (dark blue). (B) Describes two strain curves: endo-myocardial GCS (pink) and GRS (light blue). Each 
value at the end-systolic phase (eS, highlighted in yellow) was used for the calculation of PSP. (C) Describes echocardiographic parameters 
including myocardial and endocardial GCS, EDA, ESA, FAC, GRS and delta-rotation as the average value from the basal, mid-papillary, and 
apical levels. (D) Describes the formula for calculating PSPcirc and PSPrad using endocardial GCS and GRS respectively. EDA, end-diastolic 
area; ESA, end-systolic area; FAC, fractional area change; GCS, global circumferential strain; GRS, global radial strain; MAP, mean arterial 
pressure; PSPcirc, pressure strain product based on GCS; PSPrad, pressure strain product based on GRS; ROT, rotation; SD-CS, standard 
deviation of circumferential strain; SD-RS, standard deviation of radial strain.

 
 



6 of 11  |      SATO �����.

F I G U R E  �   Correlation between echocardiographic parameters and CPI. Scatter plot graphs between CPI and echocardiographic 
parameters (LVEF, GCS, GRS, PSPcirc and PSPrad) in each animal were described. Each assessment included the valid cases from the time 
point of Tecmo to T24. GCS, global circumferential strain; GRS, global radial strain; LVEF, left ventricular ejection fraction; PSPcirc, pressure-
strain product based on circumferential strain; PSPrad, pressure-strain product based on radial strain; T24, 24 h following the confirmation 
of cardiogenic shock; Tecmo, the time when ECMO was applied.

F I G U R E  �   Correlation between echocardiographic parameters and LVSWI. Scatter plot graphs between LVSWI and echocardiographic 
parameters (LVEF, GCS, GRS, PSPcirc and PSPrad) in each animal were described. Each assessment included the valid cases from the time 
point of Tecmo to T24. GCS, global circumferential strain; GRS, global radial strain; LVEF, left ventricular ejection fraction; PSPcirc, pressure-
strain product based on circumferential strain; PSPrad, pressure-strain product based on radial strain; T24, 24 h following the confirmation 
of cardiogenic shock; Tecmo, the time when ECMO was applied.
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the same animals mentioned above was also analysed from 
2 to 11 months after the initial analysis.

All hypothesis testing was two-tailed and a p-value of 
less than .05 was considered statistically significant. All 
statistical analyses were performed with SPSS for Mac 
29.0 (SPSS Inc, Chicago, USA).

3  |   RESULTS

3.1  |  Studied population

Nine female Dorset-cross ewes (Mean ± standard de-
viation 51 ± 4 kg) were included and able to be analysed. 
Haemodynamics, echocardiographic parameters, and 
biomarkers upon confirmation of shock are described in 
Table�S1. Once cardiogenic shock was confirmed, systolic 
blood pressure, pressure-volume catheter-based cardiac 
index and serum lactate were 71 ± 14 mmHg, 1.0 ± .3 L/
min/m 2 and 2.8 ± .8 mmol/L, respectively.

3.2  |  Correlation between PSP and 
LVSWI/CPI

In terms of the correlation between PSP and LVSWI, 
PSPcirc (correlation coefficient, CC = .360) showed a 

stronger correlation with LVSWI compared to LVEF 
(CC = .306), GCS (CC = .157) and GRS (CC = .062) 
(Figure�3). Regarding the correlation between PSP and 
CPI, PSPcirc (CC = .283) displayed a stronger correlation 
to CPI as compared to LVEF (CC = .220), GCS (CC = .099), 
and GRS (CC = .034) (Figure�4).

3.3  |  Prediction of echocardiographic 
parameters for LVSWI and CPI (ROC curve 
analysis)

ROC curve analysis used values using all animals 
(n =  9) and time points (from Tecmo to T24). Median 
values to define lower or higher parameter levels were 
398 mmHg-mL/m 2 for LVSWI and .09 for CPI. The area 
under the curve (AUC) for LVSWI based on PSPcirc 
(AUC .816) and PSPrad (AUC .811) was higher, com-
pared with analyses based on other conventional echo-
cardiographic parameters, LVEF (AUC .678), GCS 
(AUC .771) and GRS (AUC  .755) (Figure�5). Similarly, 
the AUC for CPI as a function of PSPcirc (AUC .803) 
and PSPrad (AUC .773) was higher than other con-
ventional echocardiographic parameters, LVEF (AUC 
.665), GCS (AUC .718) and GRS (AUC .677). Full re-
sults of ROC analyses, including sensitivity and speci-
ficity, are described in Figure�5.

F I G U R E  �   ROC curve analysis to investigate the predictability of echocardiographic parameters for LVSWI and CPI. Echocardiographic 
parameters were compared among LVEF, GCS, GRS, PSPcirc and PSPrad. LVSWI and CPI (including all animals and all time points) were 
divided into either higher or lower values based on the median. CPI, cardiac power index; GCS, global circumferential strain; GRS, global 
radial strain; LVEF, left ventricular ejection fraction; LVSWI, left ventricular stroke work index; PSPcirc, pressure strain product based on 
GCS; PSPrad, pressure strain product based on GRS.
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3.4  |  Load-sensitivity of analyses

Regarding haemodynamic variables, MAP, cardiac index 
and stroke volume index were significantly changed dur-
ing the modification of ECMO flow rates, while heart 
rate remained unchanged (Figure�S2). For echocardio-
graphic parameters, LVEF and GCS were significantly 
affected by changes in ECMO flow rate, while GRS was 
not significantly different (Figure�S3). As for LV afterload-
considering parameters, CPI, PSPcirc and PSPrad except 
for LVSWI showed no statistically significant differences 
between X L/min and X-1 L/min ECMO flow support 
(Figure�6). When LVSWI was compared between X L/min 
(LVSWI: 912 mL-mmHg/m 2, IQR 473 to 1189) vs X-1 L/
min (LVSWI: 1063 mL-mmHg/m 2, IQR 961 to 1807) be-
fore the cardiogenic shock (i.e. at Tecmo), there was no sig-
nificant difference (p = .066).

3.5  |  Changes in biomarkers over time

Mean serum lactate was consistently higher than 
2.0 mmol/L during the observation period (Figure�S4). 
Regarding high-sensitivity troponin I, there was a statisti-
cally significant rise after cardiogenic shock and following 
24-h observation (p = .012) (Figure�S4).

3.6  |  Correlation between PSP and 
serum Lactat e

PSPcirc (CC = .110, p = .015) showed stronger correla-
tions with serum lactate as compared to LVEF (CC = .031, 
p = .214), GCS (CC = .044 p = .130) and GRS (CC = .029, 
p = .224), although the overall strength of correlation was 
low (Figure�S5).

3.7  |  Inter-  and Intra- observer 
correlation analysis in 
echocardiographic parameters

There was a good to excellent inter- and intra-observer 
correlation in PSPcirc (ICC .738, p = .018, and ICC .926, 
p = .002, respectively), and PSPrad (ICC .797, p = .003, and 
ICC .821, p = .025, respectively) (Table�S2).

4  |   DISCUSSION

We hypothesised that a newly proposed non-invasive pa-
rameter, PSP, can correlate with pressure-volume catheter-
based LVSWI and CPI. Two important findings can be drawn 
based on our results; (1) PSPcirc and PSPrad significantly 

F I G U R E  �   LV afterload-considering parameters during 24-h observation with different two ECMO flow rates. PSPcirc, PSPrad, LVSWI 
and CPI of 9 animals with two different ECMO flow rates per each were described. Data were expressed as mean ± SD. Comparison between 
ECMO high (X L/min based on 60 mL/kg/min) and low (X- 1 L/min) flow groups was analysed by a generalized mixed linear model. Blue 
dots, ECMO low flow support; CPI, cardiac power index; LVSWI, left ventricular stroke work index; PSPcirc, pressure-strain product based 
on circumferential strain; PSPrad, pressure-strain product based on radial strain; red squares, ECMO high flow support; T0, the time when 
the cardiogenic shock was confirmed; Tecmo, the time when V-A ECMO was commenced with 1 L/min; Tx, x hours after T0.



     |  9 of 11SATO �����.

correlated with the pressure-volume catheter-based LVSWI 
and CPI during V-A ECMO support, and (2) PSPcirc and 
PSPrad were not significantly affected by changes in V-A 
ECMO flow rate. This indicates that PSP has the potential to 
be a load-independent and reliable parameter reflecting the 
native heart function during V-A ECMO support.

4.1  |  Timing is critical for V -A 
ECMO w eaning

A clear knowledge gap exists about when to withdraw the 
V-A ECMO support in the treatment of cardiogenic shock. 
It is important to wean from ECMO as soon as possible to 
avoid V-A ECMO-related complications,19 however, im-
mature decannulation can lead to a recurrence of heart 
failure and high in-hospital mortality.2 PSP has the poten-
tial to fill this gap by assessing if the intrinsic cardiac func-
tion has recovered enough to proceed with weaning from 
ECMO.

Currently, most cardiac parameters are affected by 
ECMO flow and thus it is challenging to capture the na-
tive heart function and predict cardiac recovery during 
the stepwise weaning trial. One of the strengths of LV 
load-considering parameters such as LVSWI is that they 
can be afterload-independent at given preload condi-
tions.20,21 Our results showed the load independence 
of PSP under the variation of ECMO flow. In addition, 
PSP also correlated with LVSWI (the potential cardiac 
contractile function22) and CPI (the amount of energy 
available to maintain the perfusion of the vital organs 
in shock9) better than conventional echocardiographic 
parameters. Therefore, PSP, as a surrogate of invasively 
measured LVSWI and CPI, has the potential to non-
invasively predict cardiac recovery and best predict the 
timing of weaning from V-A ECMO.

4.2  |  Load independence of PSP during 
V-A ECMO flow chang e

In this study, CPI and PSP demonstrated greater resilience 
to changes in ECMO flow rate compared to other param-
eters. This load independence can be attributed to their 
ability to consider the compensatory mechanisms that 
counterbalance the impact of increased LV afterload and 
the subsequent decrease in stroke volume, and vice versa. 
PSP is expected to provide a more accurate assessment of 
cardiac pumping potential like CPI9 under the V-A ECMO 
flow modification.

Although LVSWI can consider the LV loading condi-
tions, it is not recognized to be completely independent 

of LV afterload, because it can be influenced by various 
factors that affect myocardial contractility.23 Especially, 
when MAP drops below a critical point (e.g. 60 mmHg) 
at low ECMO flow, the following reduction of coronary 
flow may decline LV contractility despite the decreased 
LV afterload.23 In this case, ‘the compensatory mecha-
nisms’ mentioned above can be limited and thus LVSWI 
would not be load-independent. In our study, indeed, we 
saw a significant difference between the two flow varia-
tions when assessed whole time points including after 
cardiogenic shock (Figure�6; p = .011), while there was no 
significant difference (p = .066) when analysed before car-
diogenic shock at Tecmo.

4.3  |  PSP as a potential mark er of 
tissue metabolism

As serum lactate reflecting microcirculation is signifi-
cantly related to the prognosis of patients under V-A 
ECMO,24 it is ideal if the cardiac parameter can reflect 
this value. The observed correlation between PSPcirc and 
lactate supports the significance of PSPcirc as a potential 
prognosticator in cardiogenic shock given that the serum 
lactate is strongly associated with the mortality of this 
cohort.25,26 In particular, a previous study by Scolari et�al 
showed that the serum lactate at 24 h after temporary me-
chanical circulatory support commencement can predict 
30-day mortality.27

5  |   LIMITATIONS

Our study has several limitations. First, our sample 
size was determined by the original IN-SYNC study. 
Therefore the sample is relatively small and our results 
cannot be conclusive. Second, our animal model used 
direct epicardial injections of ethanol to induce cardio-
genic shock, which is pathophysiologically different 
from the most frequent cause of cardiogenic shock in 
clinical settings, namely myocardial ischemia. Third, 
our echocardiographic assessment was conducted by 
the epicardial approach, which also differs from the 
standard clinically applied procedure. Since appropri-
ate apical views could not be obtained due to the limita-
tions imposed by the mini-thoracotomy approach, the 
value of LVEF may be less accurate than that of values 
taken during clinical measurements. For the same rea-
son, global longitudinal strain (GLS), the most clinically 
relevant strain parameter, could not be obtained. PSP 
based on GLS needs to be further investigated if it also 
correlates with LVSWI and CPI.
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6  |   CONCLUSION

A novel non-invasive PSP showed potential to predict 
pressure-volume catheter-based LVSWI and CPI in a large 
animal model of cardiogenic shock supported by V-A 
ECMO. PSP can be a load-independent parameter consid-
ering LV afterload during V-A ECMO support. The clini-
cal utility of PSP as a prognosticator for patients supported 
by V-A ECMO needs to be further investigated.
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